Early recurrence of human hepatocellular carcinoma (HCC) is a frequent cause of poor survival after potentially curative liver resection. Among the deregulated signaling cascades in HCC, evidence indicates that alterations in the Wnt/b-catenin signaling pathway play key roles in hepatocarcinogenesis. In this review, we summarize the potential molecular mechanisms how the microtubule-associated Protein regulator of cytokinesis 1 (PRC1), a direct Wnt signaling target previously identified in our laboratory to be up-regulated in HCC, in promoting cancer proliferation, stemness, metastasis and tumorigenesis through a complex regulatory circuitry of Wnt3a activities.
Introduction
Hepatocellular carcinoma (HCC) is the second leading cause of cancer mortality worldwide. 1 Despite treatment with surgical resection, which provides a limited opportunity for cure, most HCC patients have a dismal prognosis, 2 primarily due to the complexity of HCC primary tumors and frequent tumor recurrence. 3 The development of HCC is closely associated with chronic hepatitis B or C infection, cirrhosis of any etiology, and/or aflatoxin B1 exposure. 4 The etiology of HCC is complicated and includes numerous genetic and epigenetic alterations as well as deregulation of various signaling pathways, including the Wnt/ b-catenin, PI3K, HGF, Ras, VEGF, IGF, and PDGF pathways, and is likely to involve other pathways as well. 5 Among these growth factor signaling cascades, evidence suggests that the Wnt/b-catenin pathway plays a crucial role in hepatocarcinogenesis as well as in recurrence. 3, 6 Wnt signaling plays important roles in the regulation of diverse processes, including cell growth, survival, cytoskeleton remodeling, embryonic patterning, cell fate, as well as stem cells maintenance. 7 Aberrant activation of Wnt signaling contributes to cancers, including colon cancer, 8 gastric cancer, 9 esophageal cancer, 10 and HCC. 6 Approximately 95% of reported HCC cases exhibit deregulation of eight different Wnt/Frizzled (Fzd) signaling cascades. 11 Although Wnt/b-catenin signaling is frequently activated in HCC, the causes and mechanisms of its activation are not yet well understood or established. Mutation has been confirmed as one of the most important contributors to activation of aberrant Wnt signaling in HCC. By far, the b-catenin gene has been confirmed as the most frequently mutated gene associated with aberrant activity of the Wnt pathway in HCC. As has also been discovered in many other cancers, these mutations are often dominant gain-offunction (GOF) mutations affecting the N-terminal GSK3 and CK1 phosphorylation sites of b-catenin. 12 The recorded frequency of b-catenin gene somatic mutations in HCC ranges from 20 to 40%, 13 but the cytoplasmic and nuclear accumulation of b-catenin have been reported more commonly, detected in 40% to 70% of HCC cases. 12, 14 Mutations of other canonical Wnt pathway components, such as Axin1 and Axin2, have been identified in 10% and 3% of HCC patients, respectively. 13 Furthermore, inactivating mutations of the tumor suppressor adenomatous polyposis coli (APC) are unlikely to contribute significantly due to its low mutation rate in HCC. 15 These data indicate that, in addition to mutations, there must be other novel regulatory mechanisms contributing to the hyper-activation of Wnt signaling in the liver, leading to hepatocarcinogenesis and even metastasis.
Importance of canonical Wnt signaling in HCC
Wnt signaling can be classified into canonical (mainly b-catenin-dependent) and non-canonical (b-cateninindependent) pathways. Wnt signaling is primed by cysteine-rich and lipid-modified secreted glycoprotein ligands named Wnts, their corresponding receptors and co-receptors called Frizzleds (Fzds) and low-density lipoprotein receptor-related protein-6 (LRP6). 7 Thus far, the non-canonical Wnt signaling pathways (the Planar Cell Polarity/PCP and the Wnt-Ca 2þ pathways) are primarily implicated in cytoskeleton remodeling and cell movement, whereas the canonical signaling pathway has functions in embryonic development and the regulation of cell proliferation and metastasis. 7 The biological role of non-canonical Wnt-mediated signaling is less well defined in liver cancer. Here, we shall focus on the Wnt/b-catenin pathway because currently there are only a limited number of reports specifically linking non-canonical Wnt signaling with liver cancer.
The canonical Wnt signaling pathway controls many biological processes, including cell proliferation, embryonic patterning, and stem cell self-renewal. 7 There are currently three models of upstream canonical Wnt signaling ( Figure 1 ). In the absence of ligands such as Wnt3a, newly formed b-catenin is continuously degraded by a multifactor destruction complex mainly composed of the scaffolding proteins Axin1 and Axin2 (Conductin), APC, casein kinase 1 (CK1) and glycogen synthase kinase 3b (GSK3b). The captured b-catenin will be sequentially phosphorylated at Ser45 and Thr41 by CK1g, followed by Ser37 and Ser33 by GSK3b. The phosphorylated b-catenin in destruction complex will be recognized by the b-transducin repeat-containing protein (b-TrCP)-dependent E3 ligase, and be degraded by the ubiquitin-proteasome system (Figure 1(a) ). In the presence of Wnt ligands, b-catenin is stabilized due to either membrane sequestration of the Axin/GSK3 complex through dissociation of the destruction complex (Figure 1(b) ) or by membrane sequestration of the complete Axin destruction complex (Figure 1(c) ), using the LRP6 signalosome as the clustering center, and thus the expression of Wnt transcriptional targets is primed. 7, 16 Describing the third model in more detail, Wnt bind to the Fzd receptor and LRP6 or LRP5 co-receptor. This ternary complex clusters with the scaffolding protein dishevelled (Dvls, including Dvl1, 2, 3) to form LRP6-signalosomes. 16 After signalosome complex internalized and sorted into early endosomes, LRP6 phosphorylation is primed and sustained at multiple PPPSPxS motifs on its intracellular domain (ICD) by several proline-directed kinases in a GSK3-dependent manner, 17 resulting in the subsequent phosphorylation of LRP6 via CK1g, thereby recruiting the Axin destruction complex to the signalosome. 16, 18 The signalosomes will be further fused into multivesicular bodies (MVPs) to sequestrate GSK3b, rendering this kinase unable to phosphorylate cytosolic b-catenin, and thereby preventing its degradation by the b-TrCP-ubiquitin ligase system 19, 20 (Figure 1(d) ). Other reports have suggested an association between the protein phosphatases PP1 and PP2A and the Axin complex, which counteracts GSK3b-and/or CK1g-mediated phosphorylation, thereby dissociating the destruction complex and stabilizing b-catenin. 21 Mutations in the components of Axin destruction complex result in cancer, including HCC.
Non-classical regulators of Wnt signaling in HCC
Recently, there have been some unexpected discoveries of novel Wnt regulators that have not been considered classical Wnt signaling players, but are now confirmed as important regulators for Wnt signaling activation by experimental and biological evidence, especially in the case of HCC. Moreover, there is increasing evidence that the stabilization of proteins (STOP) primed by non-b-cateninmediated Wnt signaling is also an unsolved but potentially important pathway in liver cancer. Here, we have summarized these recently identified novel regulators and have termed them tentatively as non-classical regulators for Wnt signaling for their distinct subcellular localization to the microtubule (MT) cytoskeleton, plasma membrane, and centrosomal region and because they present atypical functions including regulation of protein stabilization.
Cytoskeleton-associated regulators and Wnt signaling
Thus far, many different signaling pathways including Wnt, 22 Shh, 23 FGF, 24 Notch, 25 mTor, 26 PDGF, 27 and Hippo 28 signaling have been confirmed in association with the cytoskeleton. However, little is known about the mechanistic organization of Wnt signaling and the cytoskeletal factors that are modulated in the development of HCC. Recently, our group has reported that the microtubuleassociated protein (MAP) PRC1 is linked to Wnt/b-catenin signaling in HCC. 6 PRC1 is highly enriched in HCC tumor tissues, and its expression is associated with early HCC recurrence and poor patient prognosis. 6 PRC1 promotes proliferation of the HCC cells harboring wild-type (WT) b-catenin but shows no effects in HCC cells with the mutated b-catenin. 6 Interestingly, PRC1 was further confirmed as a novel Wnt/b-catenin signaling transcriptional target, and its localization at the cytoskeleton was dynamically regulated by Wnt3a signaling, indicating that PRC1 may have a role in Wnt3a signaling ( Figure 2 ). Indeed, PRC1 regulates Wnt signaling via interaction with the destruction complex on MTs, promoting cytoskeletal sequestration of the destruction complex and thus stabilizing cytoplasmic b-catenin and activating Wnt signaling ( Figure 2 ). 6, 29 Our data further indicate that PRC1 MT localization promotes Wnt/b-catenin signaling and promote cell proliferation. PRC1 MT localization domain deleted mutant (PRC1-CC) shows dot-like localization of PRC1. 6 Moreover, PRC1-CC cells grew slower than cells harboring WT-PRC1 (unpublished data), further indicating that PRC1 MT localization mediates the sequestration of the destruction complex to stabilize the cytoplasmic b-catenin to promote the cell growth and Wnt signaling function.
The MT cytoskeleton has a critical regulatory function that affects not only mitosis but also cytoskeletal shape, cell motility, and intracellular protein and organelle transport. 30 MTs and MAPs are attractive drug targets, for example, Paclitaxel (Taxol), a chemotherapy drug, has been offered as a systemic treatment for unresectable HCC patients. 31 Wnt pathway components have been proposed to regulate the dynamics of MTs. Many of them were found in the mitotic spindle, centrosome and centromere, which are all associated with MTs, and all are necessary for cell division and survival. 32 Centromere APC, with its partners end-binding 1 (EB1) and the formin mDia, can stabilize microtubules oriented towards the front end of migrating cells. 33 APC can also target Microtubule-Actin Crosslinking Factor 1 (MACF1) to the cell cortex to capture microtubule ends. 34 Additionally, GSK3b and CK1, two spindle-localized factors, can phosphorylate several MAPs leading to MT destabilization 35 ; however, upon GSK3b inhibition mediated by Dvl, Axin can bind and stabilize microtubules. 36 Reciprocally, MTs can affect Wnt signaling through spatiotemporal regulation of the destruction complex. 29 Upon Wnt stimulation, cytoplasmic APC partially translocates to MTs, together with PRC1, Axin and GSK3b (Figure 2 ). These interactions with the cytoskeleton further sequester the destruction complex to MTs and the membrane-associated LRP6 signalosome (Figure 2) , thus contributing to the stabilization of newly translated b-catenin in the cytoplasm. 29 Therefore, the MAPs can function in Wnt signaling activation by regulating MT stability to affect the MT localization of the Axin/APC/GSK3 complex. KIF17, another MAP that stabilizes MTs by acting at MT plus ends with APC, has also been indicated in Wnt signaling regulation. 37 In addition to MTs, the cell membrane is also an important cytoskeleton-based structure. The complex interplay between events and factors of membrane-associated Wnt signaling is difficult to ascertain, as cells develop individual receptors, co-activators and specialized structures, such as primary cilia to mediate Wnt-specific, tissue-specific and cell-specific functions in development and tumorigenesis. One notable example in HCC is membrane-associated Glypican-3 (GPC3), a member of the glypican family and a vital regulator of canonical Wnt signaling. 38 GPC3 is anchored to the cell membrane via glycosyl-phosphatidylinositol and is highly enriched in HCC tumor tissues. 38 The expression pattern of GPC3 alters with the degree of cell differentiation, thus making it a potential diagnostic marker and drug target. 38 In HCC tissues, immunohistochemistry revealed a tendency for overall localization of GPC3 in the cytoplasm of HCC cells. However, GPC3 was more preferentially localized in the cell membrane in poorly differentiated HCC when compared with well-differentiated HCC. Moreover, GPC3 was more preferentially stained in the cell membrane in the metastatic lesions of HCC when compared with primary HCC lesions. 39 GPC3 regulates the signaling several growth factors, including Wnts. 38 It has been confirmed that GPC3 can enhance the binding of Wnt and Fzd receptors, to enhance canonical Wnt signaling in HCC. 40 Thus, the membrane localization of GPC3 in metastatic lesions could indicate an important role of GPC3 in Wnt signaling-mediated metastasis of HCC, and targeting GPC3 might offer a new strategy for the treatment of HCC. Currently, there are two therapeutic approaches targeting membrane-associated GPC3 in HCC that are under phase II clinical trials. One is the application of a humanized GPC3 specific antibody to inhibit the HCC cells growth by the induction of antibody-dependent cellular cytotoxicity, while the second application employs a vaccine consisting of GPC3-derived peptides to trigger cytotoxic T cells against GPC3. 38 Some additional membrane-associated proteins may also be required for Wnt signaling activation in HCC. These could include members of the ubiquitin specific peptidase (USP) family, of which some have shown potential membrane localization (Genecards) and have recently been confirmed to be able to deubiquitinate the Wnt receptors Fzds to further promote the stability of Fzds and activate canonical Wnt signaling. 41 We have further confirmed that USP1, USP21 and USP49 genes are significantly up-regulated in HCC tumor tissues (Data not shown), indicating that these USP family members might be involved in Wnt signaling activation by stabilizing the Fzd receptors on HCC cells. However, a more comprehensive study is needed to understand the detailed functions of these USPs in HCC Wnt signaling and their potential therapeutic values. Overexpression of the membrane-associated Wnt receptor Fzds may provide another solution for Wnt signaling hyper-activation in HCC. It was reported that Fzd7 is overexpressed in HCC and activates Wnt signaling to stabilize b-catenin. 42 Furthermore, the membrane-associated kinase cyclin-dependent kinase 14 (CDK14) and its activators Cyclin Y/Cyclin Y-like have been suggested to play important roles in the activation of the Wnt pathway in HCC. 43 Their function in Wnt signaling has been supported by experiments conducted in cell lines and animal models 44 and by bioinformatics analysis in human cancers. 43 The centrosome is the MT organization center, and its function partially depends on the MTs. Centrosome-based proteins, such as kinases, were also found to have a function in the regulation of Wnt signaling. Recently, NEK2 was discovered to link centrosome separation and maturation with regulation of Wnt signaling via Dvl and b-catenin. 45 Moreover, NEK2 has already been reported as an oncogenic factor in HCC, promoting cancer progression and drug resistance by enhancing Wnt activation, 46 indicating that centrosome-based proteins may be involved in local regulation of Wnt signaling, although there are currently limited examples. Besides NEK2 regulation on Dvl protein, tumor suppressor WW domain-containing oxidoreductase (WWOX) has also been confirmed to regulate Dvl function via the sequestration of Dvl2 in the cytoplasm. 47 Moreover, WWOX has been proven to be an crucial negative regulator of canonical Wnt signaling via the destabilization of b-catenin in HCC, and the down-regulation and suppressive function of WWOX have further been confirmed in HCC. [48] [49] [50] Another important discovery concerning the membranerelated processes associated with Wnt signaling is endocytosis-mediated Wnt signaling activation. 51 Endocytosis is a dynamic process during which the membrane cargo complex is organized and invaginates into the cytoplasm, leading to the formation of a vesicle which then can fuse with the early endosomes and can be sorted into the endolysosomal membrane system. 52 During endocytosis, cytoskeletal modulation is one of the most crucial process. 52 Currently, there are mainly two reported important endocytosis regulators. These are Caveolin 1 (CAV1) and Clathrin, both of which show membrane and/or cytoskeleton subcellular distribution. 53, 54 Recently, some reports have suggested that CAV1 and Clathrin directly interact and regulate endocytosis and trafficking of the Wnt signalosome. Although it has been verified that CAV1 is involved in Wnt signaling activation in HCC cells, 55 the function of Clathrin in Wnt-mediated hyper-activation of HCC has not yet been well established, indicating that this regulation might be cell line dependent. As endocytosis is a dynamic, cooperative process involving multiple cytoskeleton molecules, it can respond to stimulation by growth factors and other environmental signals. Abnormal expression or modification of the endocytic regulators leads to aberrant signaling transduction, which has been repeatedly observed in cancers, including HCC.
Virus infection has been demonstrated to play an important role in the regulation of Wnt signaling in HCC through membrane and/or cytoskeleton associated-factors. Hepatitis B Virus (HBV) and Hepatitis C Virus (HCV) core proteins have been proven to enhance the canonical Wnt signaling via different mechanisms. The HVB core protein HBx can promote membrane Src kinase activity to inhibit the GSK3 kinase and promote b-catenin stability. 56 HBx can directly interact with APC on cytoskeleton where PRC1 interacts with the APC complex to stabilize b-catenin, 57 indicating HBx may link to PRC1 function in Wnt signaling regulation. On the other hand, direct activation of the Wnt/ b-catenin pathway has been demonstrated for the core (C) protein of HCV. In the SMMC-7721 cells, HCV core protein can up-regulate the expression of Wnt ligands and their receptors, including Wnt-2, -3, -3a, -10a, -10b, Fzd-1, -2, -3, -6, -7, -9 and LRP5/6 co-receptors. Furthermore, the HCV core protein can also epigenetically silence the secreted frizzled-related protein (SFRP) in the SMMC-7721 cells leading to the activation of the Wnt signaling. 58 As the expression and localization of PRC1 are also modulated by Wnt3a-signaling, 6 a potential mechanism of HCV regulating Wnt signaling can be through the promotion of PRC1 expression and MT localization.
Mitotic Wnt and Wnt/STOP signaling pathway
Wnt signaling is tightly associated with cell cycle progression, and Wnt signaling can transcriptionally regulate key growth regulators such as cyclin D1 or c-Myc, which is reinforced by distinct cell cycle-regulators such as PRC1, NEK2 and CDK14/CyclinY. Increasing evidence has reaffirmed the tight link between cell cycle and the regulation of Wnt signaling. As a notable example, Wnt coreceptor-LRP6 phosphorylation is under strict regulation by the cell cycle and peaks in G2/M. 59 LRP6 is phosphorylated by CDK14, as well as by associated G2/M Cyclin Y or Cyclin Y-like activators, on its ICD domain, which primes LRP6 for Wnt-dependent phosphorylation. 59 Hence, the ability of LRP6 to respond to Wnt is under the control of the cell cycle and peaks at G2/M phase, which can explain why cytoplasmic b-catenin, AXIN2, and PRC1 expression all oscillate with the cell cycle and peak at G2/M phase.
It is intriguing that Wnt signaling should peak in mitosis when it is transcriptionally silent, and the observed mitotic activation of LRP6, whose major effects are thought to require b-catenin-dependent gene transcription, is also puzzling. 32 Interestingly, there is mounting evidence showing that some of the physiological consequences of canonical Wnt signaling are b-catenin-independent. 60 GSK3 is one of the most important downstream kinases in canonical Wnt signaling, and it is inhibited through multiple mechanisms. 10, 19, 20 Bioinformatics assay has confirmed that up to 20% of the GSK3 phospho-degrons in the proteome are dependent on ubiquitin-mediated proteasomal degradation. 19, 61 Thus, the suppression of GSK3b activity by Wnt signaling activation might stabilize these proteins. 19 In some cells lines, such as the HeLa cell line, Wnt-dependent stabilization of proteins (Wnt/STOP), rather than transcriptional activation, appears to be the dominant mode of Wnt signaling. 60 Activation of Wnt/STOP signaling increases cellular protein content, especially during G2/M phase, in which these Wnt/STOP targets may help to sustain the proliferative capacity of daughter cells. Abnormal regulation of Wnt/STOP signaling may contribute to cancers, including HCC. Indeed, some evidence has shown that many of the mitotic regulators, such as Aurora kinases, 62 Abnormal spindle-like microcephaly associated (ASPM) protein, 63 Epithelial Cell Transforming 2 (ECT2), 64 centromere protein F (CENPF) 65 and many others, exhibit abnormal enrichment in HCC, indicating that these regulators may be potential targets of Wnt/STOP signaling. Based on published bioinformatics resources, we found that ASPM, ECT2 and CENPF all contain three putative GSK3 sites, 19 indicating that they may be potential targets of Wnt/STOP signaling (data not shown). However, the abnormal enrichment of these Wnt/STOP targets may also be due to aberrant changes in the master controlling genes such as p53, FoxM1 or b-catenin in liver cancer. Further experimental validation is needed to define the molecular roles of these HCC-associated Wnt/STOP targets. In our earlier study, PRC1, a Wnt target, was also found to be highly expressed in cells during mitosis compared to cells in interphase. As we have reported, PRC1's regulatory role in Wnt signaling is upstream of b-catenin, indicating that PRC1 may also be involved in mitotic Wnt/STOP signaling by sequestering the Wnt destruction complex to MTs and even spindles. Indeed, it was demonstrated that knock-down of PRC1 completely eliminated the c-Myc protein and yet only inhibited 40% of its mRNA expression. 6 A similar effect was also observed for the protein level of LEF1 and its mRNA expression, 6 indicating that PRC1 has a potential role in stabilizing the proteins of Wnt/STOP signaling targets in HCC. The PRC1 regulated Wnt/STOP proteome of HCC cells warrants further investigation.
Conclusion and perspectives
Altogether, the present review focuses on recent published information on the non-classical regulators of Wnt signaling in HCC. In addition to these regulators, there are other published Wnt regulators, such as microRNAs, lncRNAs, cytoplasmic and nuclear regulators, secreted proteins and RNAs, as well as the existence of cross-talk with other signaling pathways that have not been covered in this review (Figure 3 ). This review highlights the evidence for a cytoskeletal protein -PRC1 -to be a novel regulator of Wnt signaling in HCC with a potential Wnt/STOP signaling function (Figure 3 ). Nevertheless, there are still many outstanding unresolved issues concerning Wnt signaling in HCC. For example, some of the outstanding challenges that remain unresolved are (1) what is (are) the HCCspecific regulator(s) or target(s) in canonical Wnt signaling? (2) Which Wnt ligand(s) and Fzd receptor(s) mediate(s) local Wnt signaling activation, contributing to heterogeneity in HCC? (3) What is the level of active nuclear WT b-catenin and mutated b-catenin on the level of the transcriptome in HCC? (4) What is the physiological function of Wnt/STOP in HCC development, and what is (are) the Wnt/STOP regulator(s) and target(s)? The Wnt signaling pathway is complex, and we are still in the early stage of mapping and identifying novel regulators that play a role in the different stages of liver cancer development.
